Discrete molecular SO 2 complexes containing lanthanides were unknown until the recent report of the synthesis of several cone-type lanthanide complexes, in which both oxygen atoms of each of the SO 2 moieties are bound to a lanthanide metal center protected by a bulky ligand. 7 It is possible to form unique coordination complexes in the gas phase by using appropriate precursor ligands that can undergo fragmentation upon low-energy collision induced dissociation (CID). 8, 9 Recently, we demonstrated that CID of UO 2 (CH 3 SO 2 ) 2 -resulted in CH 3 loss to produce UO 2 (CH 3 SO 2 )(SO 2 ) -, in which the SO 2 ligand is coordinated to uranium by both oxygen atoms. 10 This is quite different from the fragmentation patterns observed by O'Hair and co-workers during CID of a copper complex having the CH 3 SO 2 ligand: loss of SO 2 to form an organocopper complex was observed. 11 Since uranyl is a hard acid, 12 as are the lanthanides, it should be possible to prepare lanthanide-SO 2 adducts using the same fragmentation approach applied to UO 2 (CH 3 SO 2 ) 2 -. In the work reported here, Ln(CH 3 SO 2 ) 4 -anions for all the lanthanides (except Pm) were prepared by electrospray ionization (ESI) of solutions containing a lanthanide halide and CH 3 SO 2 Na. A goal was to discern if CID of these gas-phase complexes reveal essential variations in chemistry across the lanthanide series, particularly differences in the relative stabilities of the trivalent and divalent oxidation states. Density functional theory (DFT) computations were performed on selected complexes to understand the observed chemistry. Fragmentation pathways for complexes of copper with the CH 3 SO 2 -ligand were also computed to illuminate the disparate fragmentation behavior of complexes of the "hard"
lanthanides and "soft" late transition metals.
Experimental and Computational Details
All experiments were performed using an Agilent 6340 quadrupole ion trap mass spectrometer (QIT/MS). 13 The Ln(CH 3 SO 2 ) 4 -anions were produced by ESI of methanol (<5% 8, 9, 11 as well as in previous work performed by our group. 10, [14] [15] [16] In the present study the ion intensities were sufficient to perform CID of ions produced by ESI, i.e., MS 2 , but the fragment ion intensities were insufficient to perform sequential CID, i.e, MS 3 . The ions isolated inside the trap from the ESI source are at a temperature around 300 K. 17 In high resolution mode, the instrument has a detection range of m/z 20−2200 with a mass width
The intensity distribution of ions in the mass spectra was highly dependent on instrumental parameters, particularly the RF voltage applied to the ion trap; the parameters were essentially as employed in previous experiments. 10 The high-purity nitrogen gas for nebulization and drying in the ion transfer capillary was the boil-off from a liquid nitrogen Dewar. As has been discussed elsewhere, 18 Tables S1 and S2 and a brief discussion regarding the choice of the level of theory in Supporting Information (Table S3) .
Results and Discussion

ESI and CID Mass Spectra
The ESI mass spectra of solutions containing 
Computed Structures of Selected Complexes
Lanthanide-dependent CID of Ln(CH 3 SO 2 ) 4 -reveals the influence of the metal centers on gas-phase fragmentation chemistry. To get further insights into the fragmentation reactions, DFT calculations were carried out on the structures and dissociation reaction thermodynamics of 35 According to our computational results, loss of CH 3 SO 2 -is a possible fragmentation pathway; however, the lowmass cutoff of the QIT/MS in CID mode precludes its detection. Although it is hypothetically feasible to infer the formation of CH 3 SO 2 -based on a diminishment in the total ion intensity, this approach was not practical in the present work due to a substantial reduction in ion intensity upon CID as a result of ion loss from the trap not due to fragmentation; such substantial ion loss upon any type of ion manipulation is routinely observed in our instrument. Table S3 ). The Ln-C bond critical point (bcp) has the characteristics of an ionic bond, with electron densities at the bond critical points ( BCP ) lower than 0.075 au., positive laplacians of the electron density at the BCPs ( 2  BCP ), and total electronic energy densities (H BCP ) that are very small and negative (between -0.0173 and -0.0025 au.). The delocalization indexes (DI) indicate that in all cases the number of electrons shared by the metal and oxygen atoms is very low (< 0.60 e -). The Cu-C bond characteristics are also mainly ionic in nature; however, the charge density at the bcp roughly doubles the La-C value and is almost three times higher than the Yb-C value. The delocalization number is also notably higher than the same value for the Ln-C bonds (i.e. DI (Cu,C) = 0.958). The negative partial (QTAIM) charge on the C atom involved in the Ln-C bond is significantly higher (ca. -0.50 e -)
than the same quantity for the Cu-C bond (-0.15 e -). Figure 5 ). These barriers explain why low-energy SO 2 elimination (reaction 6) was not observed. In contrast, CH 3 loss (reaction 1) is most likely barrierless, resulting in the appearance of SO 2 adducts despite the greater endothermicity of this process. Although the reaction pathways for the elimination of SO 2 were not analyzed in detail, the initial step for reaction 6 was studied for Ln = La, Lu. This process involves the transfer of the CH 3 -moiety from one of the ligands to an adjacent ligand, which consequently becomes monodentate. It was found that this process gives rise to significant energy barriers, i.e. the TS relative energies with respect to the Ln(CH 3 SO 2 ) 4 -initial complex are higher than 300 kJ.mol -1 (Supporting Information, figure S6 ). Despite that we have not studied the reaction barriers involved in a direct transfer of the CH 3 moiety to the Ln cation, we anticipate higher barriers than those reported in Figure S6 considering the higher endothermicity (i.e. between 75 and 101 kJ.mol -1 ) involved in the formation of the lanthanide organometallic products (Table 1) .
Reactions with Background O 2
When Ln(CH 3 , it is reasonable to assume that the O 2 ligand in this complex is a superoxide. Although the oxidation state IV is common for Ce, 36 the rather high reduction potential for Ce(IV)/Ce(III) (1.72 V) 34 35 The present results suggest that it is the condensed phase redox behavior, i.e. the Ln 3+ /Ln 2+ reduction potentials, rather than the gasphase atomic ionization energies, which better predict behavior in gas-phase coordination complexes. This is consistent with the retention of chemical bonding, as opposed to electron removal by ionization, in coordination complexes, regardless of whether they are in gas or condensed phase. 
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